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ABSTRACT 
The relationship between the sea-surface normalized radar cross 
section and the friction velocity vector is determined using a parametric 
two-scale scattering model. The model parameters are found from a non- 
linear maximum likelihood estimation. The estimation is based on the AAFE 
aircraft scatterometer measurements and the sea-surface anemometer measure- 
ments collected during the JONSWAP '75 experiment. The estimates of the 
ten model parameters converge to realistic values that are in good agree- 
ment with the available oceanographic data. The rms discrepancy between 
the d e l  and the cross section measurements is 0.7 dB, which is the ws 
sum of a 0.3 dB average measurement error and a 0.6 dB modeling error. 
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Introduction 
Satellite microwave scatterometers offer a unique opportunity to 
gather high-quality, real-tirae data on the wind field over the world's 
oceans. The scatterometer directly meabr?res the normalized radar cross 
section (NRCS) of the sea surface. The correlation between the NRCS and 
the surface wind vector has long been known (Skolnik, 19701. However, 
until recently the lack of accurate NRCS measurements for a variety of 
viewing angles and wind-sea states has prohibited the quantification of 
this correlation. The data collected during the NASA Langley Research 
Center's ..Jvance Application Flight Experiment (A&%) [Jones, Schroeder, 
and Mitchell, 19781 now provides the means to precisely determine this 
correlation. 
In this report, a maximum likelihood estimation technique in conjunc- 
tion with a two-scale scattering model is used to determine the relation- 
ship between the NRCS and the surface wind vector. The surface wind vector 
is expressed in terms of a friction velocity vector U, pointing in the up- 
wind direction. The vector formulation for the two-scale scattering model 
is presented in the first section. The formulation contains two distribu- 
tions that characterize the sea-surface roughness. These are the slope 
probability density function (pdf) for the large-scale secl waves and the 
wavenumber spectrum f o r  thc small-scale waves. The large-scale (small-scale) 
waves are those having wavelengths greater (smaller) than the radiation 
wavelength. In the second section the distributions are expressed in para- 
metric form, with the model paraeeters being directly related to oceano- 
graphic observables. The non-linear maximum likelihood estimation of the 
model parameters is described in the third section. The estimntion is based 
-+ 
on the AAFE aircraft scatterometer measurements and the sea-surface 
anemometer measurements collected during the JONSUAP * 75 experiment. The 
last section contains the results of the estimation and the conclusions. 
Appendix A contains computer printer plots showing both the NRCS measured 
during the JONSWAP '75 experiment and the NRCS computed from the model. 
Tables of the NRCS versus friction velocity, incidence angle, relative 
azimuth angle, and polarization appear in Appendix B. 
and abbreviations is given in Appendix C. 
A list of symbols 
The results are very encouraging. Ten model parameters are estimated, 
and in all cases the estimates, which are not constrained by a priori in- 
formation, converge to realistic values that are in good agreement with 
the available oceanographic data. 
NRCS and the 1491 JONSWAP '75 measurements is 0.7 dB, which is the rms 
sum of a 0.3 dB average measurement error and a 0.6 dB modeling error. 
The rms discrepancy between the model 
2 
The Geometric Optics NRCS and the Bragg NRCS for Backscattering 
The NRCS model is based on the two-scale scattering theory. In 
particular, the footprint of the incident radiation is segmented into regions 
having dimensions large compared to the radiation wavelength. These regions 
will in general be tilted with respect to the mean surface across the foot- 
print. A tilt probability is assigned, and the overall NRCS is found by 
integrating over the regional NRCS weighted by the tilt probability and a 
geometric factor necessary to ensure energy conservation. Furthermore, t h e  
NRCS for a particular region depends upon the wavenumber spectrum of the 
sea-surface roughness within the region. This dependence is due to Bragg 
scattering by sea waves having wavenumbers similar to the radiation wave- 
number. 
The formulas for the bistatic NRCS are given by Wentz [1977]. We now 
coasider the special case of backscattering in which the radiation is 
scattered back towards the source. In terms of the incident and scattered 
propagation unii vectors, ki and ks, this special case is specified by -L + 
-+ -+ 
i k = -k S 
Under condition (1) the bistatic formulas for the NRCS take the form 
The two terms represent the geometric-optics NKCS and the Rragg NRCS.  Vec- 
tors Ei and d are the incident and scattered polarizat!on u n i t  vectors; and d 
is the unit normal to t a l  
+ 
S 
mean sea surface subtended by t l i c ’  radar footprint. 
3 
The geometric optics NRCS is 
where P (-$ 
surface normal unit vector n evaluated at n = -kin 
S ( - e = )  is a modification of the Fresnel power reflection coefficient for nor- 
mal incidence and accounts for the reduction in reflected power due to Bragg 
scattering. It is a product of second order perturbation theory and hence is 
a complicated function to compute. In order to simplify the treatment, we do 
not directly compute it but rather let it be an additional parameter, denoted 
by R, to be estimated from experimental data. The shadowing function 
is not included in (3) nor in the subsequent equations because it is essen- 
tially unity for the incidence angles out to 70'. 
is the probability density function (pdf) for the regional n i  
+ + +  
The scattering function 
&! 
The Eragg NRCS is 
+ - t  + + +  -b + + -+  
G(ki,Ei;-ki,Es;n) = 16nk4 u(-ki*n) (n*N)': (2~i*~)4F(~b,~) S b (c i' d i ;-< i' 8 s ;:)
( 5  1 
-b 
where the integral is over all differential solid angles dn. The quantity 
k is the radiation wavenumber and u(**-) is the unit step function. The 
wavenumber spectrum of the sea-surface rmghness within a region having a 
normal n is denoted by F(K ,n)* with i! being the Bragg vector wavenumber. 
-t + +  
b b 
4 + +  + -t 
icb - 2k [ ( n o k i l n  - kil 
4 
C 4 
The magnitude tcb of K~ is 
K = 2k ( 1  - (n*ki) + +  2 1 k 
b 
The wavenuraber spectrum is normalized such t h a t  i ts  i n t e g r a l  over a l l  
vec to r  wavenumbers i s  equa l  t o  the mean squared e l e v a t i o n  v a r i a t i o n .  The 
remaining term i n  ( 5 )  is t h e  Bragg s c a t t e r i n g  func t ion  and is given by the  
following expressions: 
ab = (E - 1 ) ( ~  sin20i + E - s i n 2 0 i ) / [ t  cosQi + (E - sin20i)  L 2  1 
W 
-+ + +  
e = k ~ e  v i h  
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where denotes  complex conjugate.  The q u a n t i t v  E is the  r e l a t i v e  p e r m i t -  
t i v i t y  of the air-sea i n t e r f a c e  and 0 i s  the angle made hy t h e  i nc iden t  i 
propagation vec to r  and the  regional  normal. 
For a r a d i a t i o n  wavenumber of 2.'jl cm-', t l w  rc*liitivc p m n i t t i v i t y  i s  the 
complex number (40.1, -39.3) [Portctr ~ 1 4 1  \Jt*nt;z.  1971 1 .  
5 
The above equa t i cns  f o r  the Bragg NRCS are based on the  a p p l i c a t i o n  
of pe r tu rba t ion  theory t o  Maxw~ll's equat ions  [Rice,  19511. I n  the  case of 
backscat ter ing,  the pe r tu rba t ion  theory r e q u i r e s  t h a t  the r a d i a t i o n  wave- 
length be l a r g e  compared t o  the rms e l e v a t i o n v a r i a t i o n  of t h a t  po r t ion  of 
the  wavenumber spectrum F(K,n) which i s  responsible  f o r  the backsca t t e r ing ,  
i.e., K - K ~ ,  where K is t h e  magnitude of K .  
the  case of no t i l t i n g  when n = N, the  Bragg wavenumber is  
+ +  
+ 
Equation (7 )  shows t h a t  for 
+ +  
K = 2k s i n  Oi b 
where B i  i s  the incidence angle  given by 
cos e = -q$i i 
For incidence angles  g r e a t e r  than 40°, calcul .a t ions show t h a t  the c a p i l l a r y  
waves having a w2:venumber s imi l a r  t o  K s a t i s f y  the small-scale perturba- 
t i o n  requirement. However, f o r  small incidence ang le s  the requirement is 
not met beczvsc: of the rapid inc rease  i n  the c a p i l l a r y  wave amplitude with 
decreas ing  K b' 
a t  some incidence angle 8 
b 
Thus the Bragg s c a t t e r i n g  theory should begin t o  breakdown 
less than 40'. b 
Although the exact na tu re  of the breakdown is not  known, the  experi- 
mental d a t a  do show t h a t  the NRCS experiences a smooth t r a n s i t i o n  between 
the Bragg region and the small-angle region where geometric o p t i c s  s c a t t e r -  
ing dominates. We assume t h a t  f o r  angles  smaller  than 8 the Bragg s c a t t e r -  
ing x c h a n i s m  becomes l e s s  e f f i c i e n t ,  and a s  a r e s u l t  the con t r ibu t ion  of 
the Bragg NRCS to  the t o t a l  NRCS d i m i n i s h e s  with decreas ing  B i .  In p a r t i c -  
u l a r ,  we require t h a t  the Bragg NRCS and i t s  f i rs t  d e r i v a t i v e  with r e spec t  
b 
6 
t o  ei go t o  zero  a t  d = 0 .  The smooth t r a n s i t i o n  shown by the  experimental  
data  i n d i c a t e s t h a t  the cu tof f  t o  zero  is  no t  abrupt ,  bu t  r a t h e r  t h e  Bragg 
NRCS merges with t h e  geometric o p t i c s  NRCS. I n  view of t h i s  and the  above 
requirements,  we  choose t h e  fol lowing func t ion  t o  r ep resen t  t h e  Bragg NRCS 
I 
b: f o r  ei e 
aO(c ,E* ; -k -t ,$ ;8) = B tan2€li exp(-.r tan20i),  ei < Bb 
b i i  i s  
For €Ii 2 0 
3 and T are f ixed  by r equ i r ing  Q (. ) and i t s  f i r s t  d e r i v a t i v e  with r e spec t  
t o  si t o  be continuous a t  ei = 0 




As t he  sur face  roughness inc reases ,  the  breakdown po in t  6 a l s o  b 
increases  because a l a r g e r  po r t ion  of the  wavenumber spectrum v i o l a t e s  t he  
small-scale pe r tu rba t ion  requirement.  We use the  t o t a l  rms regional  s lope  5 
a s  def ined i n  the  next s e c t i o n  as an i n d i c a t o r  of su r f ace  roughness and 
assume the  following r e l a t i o n s h i p  holds:  
- 
t a n  0 = t S b 
&-here t i s  a parameter t o  he es t imated from the  experimental  da t a .  I t  
should be emphasized t h a t  (16) and (17) a r e  pure ly  empir ica l .  c t h e r  tech- 
niques f o r  modeling the Rr:ig!: NRCS a t  small  incidence angles  were t r i e d ,  
but  w i t h  less success .  
7 
The Two-Scale Roughness Distributions 
In the KRCS model the  sea-surface roughness is cha rac t e r i zed  by t w o  
-t 
d i s t r i b u t i o n s :  (1) the  pdf Pn(n) f o r  t h e  rcbgional su r f ace  normals and (2; 
the  wavenumber spectrum F(K,n) f o r  t h e  roughaess wi th in  a region having 3 
mean normal n. The pdf Pn(n) i s  s p e c i f i e d  in terms of t h e  pdf P . ( S  , S  ) 
f o r  the r eg iona l  upwind and crosswind slopes’, S 
i s  assumed t o  be a Gaussian [Cox and Munk, 1956 J having zero m e m ,  -ero 
c o r r e l a t i o n ,  and s tandard dev ia t ions  s and s 
slopes .  It  is r e l a t e d  t o  t h e  normal Ddf by 
+ +  
+ + 
L U C  
and Sc. The s lope  pdf  
U 
f o r  t he  upwind and cA. . -cI.: 
U C 
+ 
The vec to r  U, is t h e  f r i c t i o n  ve2oci ty  v e c t o r  po in t ing  upwind and U, is 
i t s  magnitude i n  cm/sec. The f a c t o r  (nos ; )  
f e r e n t i a l  a r ea  dS dS 
A -& - 3  
i s  the  Jacobian r e l a t ing  t h e  d i f -  
t o  t h e  d i f f e r e n t i a l  s o l i d  a n g l e  d:. u c  
7 “ 1  
U C 
The t o t a l  rms slope 5 = (5- 3- s- )e2 is highly c o r r e l a t e d  w i t h  t h e  
f r i c t i o n  velcu.itv [Cox and Munk, 1956: Wentz, 19771. The c o r r e l a t i o n  i s  
assumed t o  havc. the form 
8 
The upwind and crosswind rms s l o p e s  a r e  then given by 
- s = p z u  
C 
where p is t h e  r a t i o  between Zc and zu. The pa raae te r s  p, s 
be est imated from experimental  da t a .  
and s are to 
0' 1 
The Bragg NRCS for l a r g e  incidence , :?gles is given by an i n t e g r a l  over  
-b 
Pn(n),  a s  i s  shown by ( 4 ) .  I n  terms of d i f f e r e n t i a l s  t h e  r e l a t i o n s h i p  be- 
tween Pn(;j and P (S , S  ) is  s u c  
The i n t e g r a  is evaluated by s u b s t i t u t i n g  ( 2 4 )  i n t o  ( 4 )  and then applying 




The por t ion  of the wavenumber spectruer P' u*) responsible for  Bra= 
backsca t te r ing  is those wavenumbers t h a t  art  similar t o  the r a d i a t i o n  wave- 
nrmber. Ihe r a d i a t i o n  wavenumber f o r  the NRCS measurements t o  be considered 
i n  the next sections is 2.91 an-', and hence P(r,n) corresponds to  the 
c a p i l l a r y  sea wavenumber spectrum. The c a p i l l a r y  spectrum e x h i b i t s  a power 
l a w  dependence on vavenllsrber [Mtsuyasu  and Honda, 1974). Furthermore. we 
assme that the spectrum is splaretric about the  p ro jec t ion  of t he  friction 
ve loc i ty  vec tor  U, onto  the plane orthogonal t o  n, and we r e t a i n  only the 
reroth-order  and f i r s t -o rde r  d i r e c t i o n a l  harmonics. Under P e s e  assumptions 
che spectrum takes  the  form 
- *+  
-+ + 
The leading term A 
a t  t h e  poin t  of minimum phase speed given by IC 
is the  power l a w ,  and At is the  r a t i o  of the  f i r s t - o r d e r  harmonic t o  the  
zeroth-order harmonic and is assumed independent of K .  The quan t i ty  I i s  
is t h e  zeroth-order harmonic of t h e  wavenumber spectrum 




the  angle between Y and t h e  p ro jec t ion  of the  f r i c t i o n  ve loc i ty  vec tor  U, 
-b 
v t c  the plane orthogonal t o  n. 
The s t r a i n i n g  of capillary waves by the  o r b i t a l  motion of l a r g e r  waves is 
accounted €or i n  (27) by the  t h i r d  term i n  the parentheses .  This  term 
weis'.'.-- the  spectrum according t o  tire upwind reg iona l  s lope  Su. A p ~ 3 i t i v e  
s t t a i n i n q  c o e f f i c i e n t  B means t h a t  regions on the  downwind s l o p e  of a l a rge  
wave have a hfgher  c a p i l l a r y  spectrum than  regions on t h v  IiIwind s lope .  
10 
Wavetank and radar experiments [nitsuyasu and Eonda, 1974; Wente, 
19771 iadicate that the capillary amplitude Am increases approximately as 
the square of U,. In view of t h i s  the following correlation between Am and 
ti, is assmed: 
log Am = a. + a log U, (29) 
1 
where A is i n  cm4. 
to be estimated from experimental data. 
The parameters a and a along v i th  q, Ar. and B are m 0 1 
11 
Maximum Likelihood Estimation of the NRCS Function 
llie NRCS function defined in the previous two sections contains ten 
unknown model parameters, which are listed in Table 1 appearing in the next 
section. The values for these parameters cte found using t k  technique of 
maximum likelihood estimation. The estimation is based on the aircraft 13.9 C H t  
scatterometer measurements and the sea-surface anemometer measurements 
collected during the JONSWAP * 75 experiment. The aircraft flew an assort- 
ment of straight lines and circles over 36 different wind-sea states. We 
let 3 denote the actual synoptic MCS corresponding to the jth measure- 
ment of the ith wind-sea state. The actual synoptic friction velocity and 
wind direction for the ith wind-sea state are denoted by Ui and Xi. The 
usual superscript o on u and subscript * on U are deleted t o  abbreviate 
the notation. The sea-surface NRCS is then 
ij 
= f (U x c IJ Oij ij i' i' 
wherr, f ( - = e )  is the NRCS function discussed in the ,- evious sections. The 
subscripts ij on f implicitly denote the incident propagation vector, the 
mean sea-surface normal, and the polarization for the ith,jth measurement. 
These three parameters are assumed to be exactly known. The elements of 
t!w set i p ?  are the rinknown model parameters, where the subscript p 
denctes the number of elemcmts in the set and in this case equals 10. Im- 
plicit in (30) is the assumption of a perfect model. The effect of the 
3cldc1'1q error on the estimation I s  discussed at the end o t  this section. 




the friction velocities {Uly, and tlie wfnd directions f x l , , .  dwre v 
1 2  
indicates the number of wind-sea states and equals 36. The measurements on 
which the estimations are to be based ate the NRCS measurements {GI the 
friction velocity measurements {VIv, and the wind direction measurements 
{TI,,. The number rl of the NRCS measurements equals 767 for vertical polar- 
ization and 724 for horizontal polarization. The bar is used to denote 
measured quantities as opposed to their actual values. The total paraaeter 
set is then 
1' 
{x)11+2v = {PIl, + {uIv + { X I "  
and the total measurement set is 
(31) 
For the case being considered the number n of NRCS measurements is much 
greater than the number p of model parameters, and hence the estimatfon 
system is over-determined. 
The most complete statistical description of the unknowl Bararneter 
set {XIm, m = p + 2v, is the conditional probability density that the 
parameters are within the neighborhood { , ' X I  
set {yIn, n = rl + 2v. The probability density is given by the following 
extension of Baves' equation: 
Jf {xlm, given the measurement m 
ORIGINAL PAGE Is 
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The nmxtrnum likelihood estimation of the parameter set {x) 
the ~ t ' t  for which P({X?~~(Y}~) is a maximum. 
is defined 08 
m 
'I'llrt*c* conditions are imposed to simplify the problem: 
1. No a priori information is available on the parameter set; i.e., 
P({x? ) is a uniform distribution over {XI space. m m 
2 .  The noise from one measurement to the next is uncorrelated; i.e., 
tne probability of measurement y 
ith measurement and on the actual value of the measured quantity. 
depends only on the noise of the i 
3 .  The measurement noise is Gaussian distributed. Chi-square tests 
indicate that the error structure in the NRCS measurements and in the 
friction velocity measurements is closer to log-normal than normal. 
In view of this, the NRCS and the friction velocities are expressed 
in terms of logarithms for estimation purposes, while the wind 
directions are expressed in degrees. 
I'nder these three assumptions (33) takes the form 
uh?re X B Y i .  and An 
l ' t > l c c i t v ,  wind direction, and NRCS measurements, Ui, X f .  . i i i t !  $ 1  
are thc standard deviations (sa) i n  I ! I P  friction 
- -  i' ij 
i i '  
14 
m e  integer Si is the number of NRCS measurements of the ith wind-sea 
state. The set subscripts indicating the number of elements are deleted 
in ( 3 5 )  and in the subsequent equations in order to simplify the notation. 
is nonlinear. However, before treating the "lie NRCS function f ti 
nonlinear problem, it is instructive to consider the simpler situation in 
Xi, and the model parameters which the =unction is linear in terms of U 
{p}.  In this case P({x) 1 {y))  is a multivariate Gaubsian distribution. The 
maximum likelihood estimation of the Ith parameter xI is the mean value of 
the parameter, and is given by 
i' 
It should be noted that the set b x > )  of mean values is also the set for 
which P({x) I {y) )  is a maximum. The evaluation of (36) is equivalent to 
finding the least-squares solution to (35). In particular, we use House- 
holder orthogonal transformations [Bierman, 19771 to solve the least- 
squares problem and to obtain <x >. This method of orthogonal transforma- I 
J' between the parameters x 
and x 
IJ I tions also vields the covariance 
In terms of probabilities the covariance is 
The nnnline'iritp of the model function is treated iteratively by solving 
for the set of parameters that maximizes P({x) I {y ) ) .  This is accomplished 
bv expanding f 
set of friction velocities, wind directions, and model parameters. The 
first guesses for the friction vclocities and w i n d  d€rectims are the 
( - e - )  in n fIrst order Taylor's series about a first-guess 
il 
15 
anemometer measurements, {tl and {XI. The specification of the first-guese, 
set of model parameters is discussed in the next section. The partial 
derivatives in the Taylor's series are numerically evaluated as finite 
differences. This linearized version of the NRCS function is then substi- 
tuted into (35), and equations (36) and (37) are solved using orthogonal 
transformations. Another Taylor's series is then constructed with the newly 
calculated set {ex>)  of mean parameters being the base of the expansion. 
This procedure is continued until the series of sets (ex>) converges. 
In practice, exact convergence is 'not achieved because of numerical 
noise, possibly due in a large part to the use of finite differences. After 
about 7 iterations the fluctuation in a given parameter from one iteration 
to the next is of the order of the computed sd for that parameter. Seven 
more iterations show that these fluctuations have approximately a zero 
man. In other words the computed parameter set seems to be confined to 
within a region in {XI space having dimensions of the order of the computed 
sd. The results discussed in the next section are based on the parameter 
set and the associated covariances computed after 14 iterations. 
The computation of the parameter set and the associated covariances 
requires that the sd sets {AU), { A X ) ,  and {Aa} be specified. For the first 
iteration each element of {AU} is set to 0.5 dB and each element of ( A X )  
is set to 10'. These values are typical of the errors inherent in the 
objective wind field analysis used to specify 
measurement represents an average of about 5 to 10 independent samples. 
The sampling error is calculated by dividing the sd of the samples by the 
squar- root of the number of samples. These sampling errors, which typi- 
cally are about 0.3 dB, are then used tu specify ( A 0 1  €or tlic first 
iteration. 
and {XI. Each NRCS 
16 
Afrer the first iteration the sd of the differences between all the 
estimated friction velocities and the measured values is computed. This 
calculated sd is then used to specify { A u t  for the next iteration. The set 
{ A X )  is updated in the same way. The procedure is repeated for each itera- 
tion. After 14 iterations the friction velocity and wind direction sd converge 
to values of 0.9 dB and 9 ,  respectively. These computed sd are in good 
agreement with the first-guess values of 0.5 dB and 10 . 
0 
0 
The updating of the set {Aa) requires that the modeling error be com- 
puted. After the first iteration, we compute t4e variance of the difference 
between the measured NRCS a and the NRCS 7 ij ij 
parameters. This computed variance is the sum of two components, one due 
to measurement errors and the other due to modeling errors, and is given 
by 
computed from the estimated 
C c 
(38) 
where n is the total number of measurements. The measurement variance 
qj Imea equals the square of the sampling error. 
( 3 ~ ; ~ ) ~ ~ ~  is found from (38 )  by assumins t iwt  it is constant for each 
mea sure me n t . 
The m o d e l  variance 
The variance Aa2 
of the measurement variance and the modt*I v . i i - i . i n ~ * t - .  
for the next iteratinii is t l i t b n  itssmed equal t o  the sum 
ij 
17 
This procedure is repeated for each iteration. After 14 iterations the sd 
(Aa)mud of the modeling error converges to a value of about 0.6 dB. 
18 
Results and Conclusions 
As mentioned in the previous section, the non-linear estimation of 
the model parameters requires a.1 initial, first-guess for the set of 
parameters. The first guess must be realistic if the estimation technique 
is to converge. No a priori information on the model parameters is assumed 
and as a result the parameters are free to vary from the first-guess values. 
The initial values that are used appear in Table 1. The power reflec- 
tion coefficient R is set equal to the Fresnel power reflectivity of sea 
water for normal incidence. At a wavenumber of 2.91 cm", the reflectivity 
is about 0.61, depending slightly on the water temperature. As a first 
guess, we assume that the Bragg scattering mechanism begins to break down 
at incidence angles in the vicinity of 30'. Under this assumption, the 
breakdown parameter t takes a value of 3.  The parameters so, sl, and p 
appearing in the regional slope pdf are initialized to the values derived 
from Cox and Munk's [1956] sun glitter observations of a clear sea surface. The 
first guesses for the regression coefficients a, and a l  for the capillary 
spectrum amplitude are found from Mitsuyasu and Honda's [1974] measurements 
of the capillary spectrum in a wind-wave channel. The barameter A is t h e  
ratio of the first-order t o  the zeroth-order directional harmonic of the 
r 
wavenumber spectrum. The relationship between Ar and the ratio p of the 
crosswind to the upwind rms slope is 
The first guess A is fnrind bv substituting the first-guess 1) i n t o  (411% The 
capillary spectrum power Inw q is initialized t o  Phillips' 119661 value of 
r 
19 
TABLE 1. ESTIMATED NRCS MODEL PARAMETERS 
Parameters First Guess Horizontal Polarization Vertical Polarization 
Est lma te Estimate 































































4 for an Idealized capillary spectrum. 
on the straining coefficient B, wo stmply assign to it a value near zero. 
T11;ii is to  say, we initially assume that no straining occurs. 
Because of the lack of information 
Separate estimates are done for horizontal and vertical polarizations. 
The parameters are independent of polarization, and hence the estimates for 
the two polarizations should agree. In general, the agreement is fairly 
good with the one exception noted below. 
and standard deviation (sd) for each parameter are listed. 
In Table 1 the estimated mean 
The estimate of the power reflection coefficient R is one third less 
This decrease is in accordance with than the Fresnel power reflectivity. 
the two-scale scattering theory, which predicts that the capiliary waves 
scatter power away from the specular direction. The estimate of the para- 
meter t indicates that the Bragg scattering mechanism begins to break down 
and becomes less efficient for incidence angles ranging from 30" to 40°, 
depending on and increasing with surface roughness. 
The regional slope pdf parameters so, sl, and p are in fair agreement 
with the first-guess values derived from Cox and Munk's sun glitter data. 
It should be noted that our slope pdf excludes the shorter capillary waves 
and that Cox and Plunk's pdf does not. 
tiieen Elitsuyasu and Honda's capillary amplitude regression coefficients a. 
and al and the values estimated from the scatterometer measurements. 
sc'it tcrometer datd indi c- ; i t t *  :I steeper increase of capillary wave amplitude 
vith increasing friction vclocity. This disagreement is probably due in 
p;irt to the scatterometer data being limited to calm and moderate wind-kea 
states. We expect that tllc inclusion of rougher wind-sea states will tend 
..o flatten the estimated capillarv amplitude versus friction velocity rela- 
tionship. The capillary amp1 itudr derived from the horizon1 . ) I  polarization 
A noticeable disagreement occurs be- 
The 
2 1  
data is larger than that derived from the verticai polarization data. 
feel that the apparent inconsistency is due to wave crests that backecatter 
horizontal polarized radiation but not vertical polarized radiation [Kalmykov 
and Pustovoytenko, 19761. This backscattering adds to the Bragg backscatter, 
We 
making the capillary amplitude seem larger than it actually is. 
The czpillary anisotropy ratio A, is larger than that derived from the 
It appears as if the short capillary waves axe particu- 
The estimated power law q is greater than Li.e vaf .e of 4 
C o x  and Munk data. 
larly dsotropic. 
for a pure capillary spectrum. 
LOUS attenuation, which is an important process for the capillar-. wavo,s 
being viewed by the scatterometer [Kinsman, 19651. The estiii f f  the 
straining coefficient B has a positive value, and this indicatL, Lildt the 
capillary spectrum is higher on the downwind slope of the larger waves. 
This result is in agreement with Keller and Wright's [1975] wave tank 
experiment. 
The larger value is most likely due to vis- 
Once all the NRCS model parameters have been determined, the NRCS func- 
tion for a given polarization is expressible in terms of three va:iables: 
:he friction velocity U, the incidence angle Bi, and the relative azimuth 
angle 6r between the friction velocity vector C, and the projection of the 
incident propagation vector kt onto the mean sea surface having a normal. N. 
+ 
-+ -b 
The NRCS function is then simply denoted f(Bi,$r,U*). 
Appendix A contains computer printer plots showing both the NRCS 
measured during the JONSWAP ' 15 experiment and the theorLLiciil NRCS com- 
puted from f(ei, $ J ~ , U * I .  Foi. each polarization, 36 differtbnt wfnd-sea states 
2 2  
were oh!x*rved, ranging in friction velocities from 13 cm/sec t o  53 cm/sec. 
The tlr:;t  s c t  of 36 plots is for horizontal polarization, and the second 
s c t  i s  1.1)r vertical polarization. Each set is ordered according to in- 
crcasiiig friction velocity. The plots of the NRCS vc'rsug iiicidence anq1.e 
correspond to the straight line aircraft flighL.., and the plot3 of the NRCS 
versus azimuth anglc. correspond to the circle flights. The ovcrali agree- 
ment between the measiirements e i d  the theory is excellent. Til? rms dis- 
crepancy is 0.7 dB, which is tl-e rms sum of the 0.3 dB measurement sampling 
error and the 0.6 dB modeling error. We are particulerly pleased with how 
well the model reproduces the upwind-downwlnd asymmetry in the circle plots. 
Xn the model, this asymmetry is due solely to the straining of the capillary 
waves ' v  the orbital motion of the underlying larger waves. Also, the model 
closely tracks the experimental data through the incidence angle region trom 
15' to 30'. This region corresponds to the transition from geometric-optics 
scattering to Bragg scattering. 
The NRCS function f(Ot,$r,U*) ie abulated in Appendix B. Each page 
corresponds to a particular friction velocity and polarization. The inci- 
dence angle 3 
angle ?r rJ;iges from 0' t o  180' in 10' sto 1 s .  
need not be shown I,tv.;iwc f(t7 
range in frictioii \*(.I 
ranges from 0' to 70' in 2" steps. The relative azimuth i 
The full 0" t o  360' range 
,LT*) is an even function of 3 . 
. i t v  is from 5 cm/sec to 50 cm/sec, in 5 cln/sec steps.  
The i* 'r r 
ORIGINAL PAGE 
OF POOR Q U m  
2 7  
APPENDIX A 
Computer Printer Plots of the Theoretical 
NRCS and The Measured NRCS 
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APPENDIX C 














first regression parameter for zeroth-order harmonic $1 
second regression parameter for zeroth-order harmonic A, 
zeroth-order harmonic of the capillary wavenumber spectrum 
at the point of minimum phase speed, in cm 
ratio nf the first-order to the zeroth-order harmonic of the 
capillary wavenumber spectrum 
Advance Application Flight Experiment 
capillary wave straining coefficient 
covariance between Ith and Jth generalized parameters 
differential solid angle in ;I space 
differential area in surface-slope $pace 
differential in generalized parameter space 
regional horizontal polarization unit vector 
regional vertical polarization unit vector 
incident polarization unit vector 
scattered polarization unit vector 
NRCS functAm, in decibels 
NRCS function, in logarithm 
4 
regional capillary wavenumber spectrum, in cn 4 
probability exponent 
Bragg scatteriny intergrand 
index denoting wind-sea state 
first intlt-s dcnoting generalized paramctci- 























second index denoting generaiized parameter 
Joint North Atlantic Sea Wave Project 
radiation wavenumber, in cm'l 
incident propagation unit vector 
scattered propagation unit vector 
sumination index for steepest descent calculation 
total number of generalized parameters 
total number of generalized measurements 
regional surface-normal unit vector 
regional surface-normal unit vector function 
unit normal to mean sea surface subtended by the radar footprint 
ncrmalized radar cross section 
NRCS model parameter 
generalized probability density function 
probabilitv density function for the regional surface normal n 
probability density function for the regional surface slopes 
probabilitv density function 
power law for capillary wavenumber spectrum 
power reflectii-n coefficient, equals Sg(***) 
root mean sqwred 
first regrrssion parameter for total rms slope S 
second regrc-ssion parameter for total rms sloit~ S 
total rms regional slope 
Bragg scattering functior! 
crosswind regional surface slope 
rms crosswind regional surface slope 






















ge ome t r I c- op t I c s scat t e r I ni: f tin c t I on 
upwind regional surface h I opt. 
rms upwind regional sur f;rc.c. s 1 ope 
upwind surface slopes for steepest descent calculation 
standard deviation 
Bragg scattering breaicdown parameter 
unit step function 
actual friction velocity, in logarithm of cm/sec 
measured friction velocity, in logarithm of cdsec 
friction \.t-iocity. zagnitude of U*, in cm/sec 
friction velociti- vector pointing upwind, in cm/sec 
generalized parameter 
generalized measurement 
horizontal polarization Bragg backscatter matrix element 
vertical polarizatioc Sragg backscatter matrtx element 
first splice parameter 
staqdard deoiation in friction velocity measurement, in 
logarithm of cm/sec 
standard deviation in the NRCS, in logarithm 
standard deviation in wind direction measurement, in degrees 
relative permittivity of the air-sea interface 
num' er of V'KCS measurments 
incidence acgle  f o r  Brags scattering breakdown 
incidence angle 
regional incidence angle 
index denoting gcncr.ilized measurement 
















capillary vector wavenumber, in cm-l 
Bragg wavenumber, magnitude o f  K 
Brag:: vector wavenumber, I I I  I 1n-l  
capillary wavenumber corresponding to minimum phase speed, 
- 3.63 cm“ 
number of NRCS model parameters 
number of wind-sea states 
number of NRCS measurements for ith wind-sea state 
3.14 . - *  
ratio of the rms crosswind to upwind surface slopes 
actual normalized radar cross section, in logarithm 
measured normalized radar cross section, in logarithm 
total normalized radar cross section, in ratio 
Bragg normalized radar cross section, in ratio 
geometric-optics normalized radar cross section, in raticj 
second spline parameter 
relativL azimuth angle 
actual wind direction, in degrees  
measured wind dirt;.c*tion, in degrees 
polar angle f o r  capillarl. v;?vr?number spwtrcm 
-b 
in cm” b’ 
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